Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

2-2016

Dynamic transverse debondong of a single s-2 fiber
Stephen E. Levine
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Aerospace Engineering Commons
Recommended Citation
Levine, Stephen E., "Dynamic transverse debondong of a single s-2 fiber" (2016). Open Access Theses. 787.
https://docs.lib.purdue.edu/open_access_theses/787

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Graduate School Form
30 Updated 12/26/2015

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance
This is to certify that the thesis/dissertation prepared
By Stephen Edward Levine
Entitled
DYNAMIC TRANSVERSE DEBONDING OF A SINGLE S-2 FIBER

For the degree of Master of Science in Aeronautics and Astronautics
Is approved by the final examining committee:
Weinong Chen
Chair

R. Byron Pipes
Vikas Tomar

To the best of my knowledge and as understood by the student in the Thesis/Dissertation
Agreement, Publication Delay, and Certification Disclaimer (Graduate School Form 32),
this thesis/dissertation adheres to the provisions of Purdue University’s “Policy of
Integrity in Research” and the use of copyright material.

Approved by Major Professor(s): Weinong Chen

Approved by: Weinong Chen
Head of the Departmental Graduate Program

2/22/2016
Date

DYNAMIC TRANSVERSE DEBONDONG OF A
SINGLE S-2 FIBER

A Thesis
Submitted to the Faculty
of
Purdue University
by
Stephen E. Levine

In Partial Fulfillment of the
Requirements for the Degree
of
Master of Science in Aeronautics and Astronautics

May 2016
Purdue University
West Lafayette, Indiana

ii

To my family and girlfriend, whose constant source of optimism and support helped
ensure I achieve my goals.

iii

ACKNOWLEDGMENTS
There are numerous people that without which, the completion of my thesis would
not have been possible. Firstly, I would like to thank Dr. Chen for providing me this
opportunity and giving me guidance on the research process. At the same time he
allowed me the freedom to truly make the project my own. I would also like to thank
all of my lab colleagues, especially Niranjan Parab, Matt Hudspeth, Ben Claus, Yule
Li, and Yizhou Nie. Their knowledge and willingness to drop everything to assist
me was crucial to the completion of my thesis. Additionally, I extend my utmost
gratitude to Alex Kravchenko in the CML for his insight into the manufacturing
process of fiber reinforced composites. Also, I would like to thank Dr. Sun and Dr.
Goodsell for allowing me to use the CML to support my sample making as well as
Bastian Brenken for helping me acquire the degassing chamber. Finally, I would like
to thank Dr. Kamel Fezzaa, Dr. Tao Sun, and Alex Deriy at Argonne National Lab’s
Advanced Photon Source for their tireless support during our beam time.

iv

TABLE OF CONTENTS
Page
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

x

1 Introduction . . . . . . . . . . . . . . . . .
1.1 Single Fiber Debonding Experiments
1.2 Transverse Debonding . . . . . . . .
1.3 Test Visualization Methods . . . . .
1.4 Kolsky Bar . . . . . . . . . . . . . .
1.5 Dynamic Debonding Experiments . .
1.6 Summary and Research Goals . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

1
1
3
10
12
14
16

2 Experimental Setup . . . . .
2.1 Sample Preparation . .
2.2 Kolsky Bar Integration
2.3 X-Ray Imaging . . . .
2.4 Timing Delay Setup .
2.5 Data Reduction . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

19
19
22
23
25
27

3 Sample Design . . . . .
3.1 First Iteration . .
3.2 Second Iteration .
3.3 Third Iteration .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

29
29
30
31

4 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Force-Displacement Response . . . . . . . . . . . . . . . . . . . . .
4.2 High Speed Imaging Synchronization . . . . . . . . . . . . . . . . .

37
37
39

5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

6 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

45

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

47

A Additional Data
A.1 Sample 1 .
A.2 Sample 4 .
A.3 Sample 6 .
A.4 Sample 10

49
49
51
53
55

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.

.
.
.
.
.

.
.
.
.

.
.
.
.
.

.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

v

A.5
A.6
A.7
A.8

Sample
Sample
Sample
Sample

12
16
21
25

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

Page
57
60
63
65

vi

LIST OF TABLES
Table
4.1

Key Sample Geometry and Debonding Load . . . . . . . . . . . . . . .

Page
41

vii

LIST OF FIGURES
Figure

Page

1.1

Sample Configuration for Pull-Out Test . . . . . . . . . . . . . . . . . .

2

1.2

Push Out test Configuration . . . . . . . . . . . . . . . . . . . . . . . .

2

1.3

Single Fiber Fragmentation Sample . . . . . . . . . . . . . . . . . . . .

3

1.4

Imaging of Fragmentation Process. Reproduced from [9] with permission
from Elsevier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

Single Fiber Broutman Test Sample Geometry. Reproduced from [16] with
permission from John Wiley & Sons, Inc. . . . . . . . . . . . . . . . .

5

Comparison of Rectangular and Cruciform Samples. Reproduced from [19]
with permission from Elsevier. . . . . . . . . . . . . . . . . . . . . . .

6

Cruciform Sample after Debonding. Reproduced from [20] with permission
from Sage Publications. . . . . . . . . . . . . . . . . . . . . . . . . . .

7

Sample that Failed at the Fillet. Reproduced from [20] with permission
from Sage Publications. . . . . . . . . . . . . . . . . . . . . . . . . . .

7

Cruciform Specimen with Dimension Names. Reproduced from [20] with
permission from Sage Publications. . . . . . . . . . . . . . . . . . . . .

8

1.10 Cruciform Sample with Face Sheet. Reproduced from [20] with permission
from Sage Publications. . . . . . . . . . . . . . . . . . . . . . . . . . .

9

1.11 Debond Detection Using Refected Light Technique. Reproduced from [21]
with permission from Springer Science and Business Media. . . . . . .

10

1.12 3D Image of Debonding Using X-Ray Microtomogrpahy. Reproduced from
[14] with permission from Elsevier. . . . . . . . . . . . . . . . . . . . .

11

1.13 Layout of a Kolsky Compression Bar . . . . . . . . . . . . . . . . . . .

12

1.14 Striker on a Tension Bar. Reproduced from [25] with permission from the
American Institute of Physics. . . . . . . . . . . . . . . . . . . . . . .

14

1.15 Single Fiber Pushout Using a Kolsky bar. Reproduced from [26] with
permission from Springer Science and Business Media. . . . . . . . . .

14

1.16 Kolsky Bar Testing Using Synchrotron X-Rays. Reproduced from [25]
with permission from the American Institute of Physics. . . . . . . . .

16

1.5
1.6
1.7
1.8
1.9

viii
Figure

Page

1.17 Fiber Pull-out Under Dyanmic Loading. Reproduced from [25] with permission from the American Institute of Physics. . . . . . . . . . . . .

16

2.1

Machined Aluminum Block for Creating Silicone Mold . . . . . . . . .

19

2.2

Cured Silicone Mold . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20

2.3

Silicone Rubber Used to Hold End of Glass Fiber . . . . . . . . . . . .

21

2.4

Configuration for Curing Epoxy Resin . . . . . . . . . . . . . . . . . .

22

2.5

Opened Grip Used for Tension Testing . . . . . . . . . . . . . . . . . .

23

2.6

Test Setup on Beamline 32-ID-B . . . . . . . . . . . . . . . . . . . . .

24

2.7

Experimental Schematic Detailing Wiring to Oscilliscope . . . . . . . .

27

3.1

Rectangular Sample as Viewed Under a Microscope . . . . . . . . . . .

29

3.2

Cruciform Sample Produced by University of Delaware . . . . . . . . .

30

3.3

Cruciform Sample Produced by Purdue University . . . . . . . . . . . .

31

3.4

Cruciform Sample with Reinforced Loading Arm . . . . . . . . . . . . .

32

3.5

Cruciform Sample that Failed in Transition Region . . . . . . . . . . .

33

3.6

Computer Model Showing the Geometry of a Sample with Tapered Loading Arms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

33

3.7

Abaqus Analysis of a Tapered Sample . . . . . . . . . . . . . . . . . .

34

3.8

Final Cruciform Geometry . . . . . . . . . . . . . . . . . . . . . . . . .

35

4.1

Strain Output from Sample 19 . . . . . . . . . . . . . . . . . . . . . . .

38

4.2

Force Output from Sample 19 . . . . . . . . . . . . . . . . . . . . . . .

38

4.3

Force-Displacement Response of Sample 19 . . . . . . . . . . . . . . . .

39

4.4

Debond Progression for Sample 19 . . . . . . . . . . . . . . . . . . . .

40

4.5

Plot of Debonding Load vs. Sample Thickness . . . . . . . . . . . . . .

41

A.1 Strain Output from Sample 1 . . . . . . . . . . . . . . . . . . . . . . .

49

A.2 Force Output from Sample 1 . . . . . . . . . . . . . . . . . . . . . . . .

50

A.3 Strain-Displacement Response of Sample 1 . . . . . . . . . . . . . . . .

50

A.4 Strain Output from Sample 4 . . . . . . . . . . . . . . . . . . . . . . .

51

A.5 Force Output from Sample 4 . . . . . . . . . . . . . . . . . . . . . . . .

52

A.6 Strain-Displacement Response of Sample 4 . . . . . . . . . . . . . . . .

52

ix
Figure

Page

A.7 Strain Output from Sample 6 . . . . . . . . . . . . . . . . . . . . . . .

53

A.8 Force Output from Sample 6 . . . . . . . . . . . . . . . . . . . . . . . .

54

A.9 Strain-Displacement Response of Sample 6 . . . . . . . . . . . . . . . .

54

A.10 Strain Output from Sample 10 . . . . . . . . . . . . . . . . . . . . . . .

55

A.11 Force Output from Sample 10 . . . . . . . . . . . . . . . . . . . . . . .

56

A.12 Strain-Displacement Response of Sample 10 . . . . . . . . . . . . . . .

56

A.13 Strain Output from Sample 12 . . . . . . . . . . . . . . . . . . . . . . .

57

A.14 Force Output from Sample 12 . . . . . . . . . . . . . . . . . . . . . . .

58

A.15 Strain-Displacement Response of Sample 12 . . . . . . . . . . . . . . .

58

A.16 Debond Progression for Sample 12 . . . . . . . . . . . . . . . . . . . .

59

A.17 Strain Output from Sample 16 . . . . . . . . . . . . . . . . . . . . . . .

60

A.18 Force Output from Sample 16 . . . . . . . . . . . . . . . . . . . . . . .

61

A.19 Strain-Displacement Response of Sample 16 . . . . . . . . . . . . . . .

61

A.20 Debond Progression for Sample 16 . . . . . . . . . . . . . . . . . . . .

62

A.21 Strain Output from Sample 21 . . . . . . . . . . . . . . . . . . . . . . .

63

A.22 Force Output from Sample 21 . . . . . . . . . . . . . . . . . . . . . . .

64

A.23 Strain-Displacement Response of Sample 21 . . . . . . . . . . . . . . .

64

A.24 Debond Progression for Sample 21 . . . . . . . . . . . . . . . . . . . .

65

A.25 Strain Output from Sample 25 . . . . . . . . . . . . . . . . . . . . . . .

66

A.26 Force Output from Sample 25 . . . . . . . . . . . . . . . . . . . . . . .

66

A.27 Strain-Displacement Response of Sample 25 . . . . . . . . . . . . . . .

67

A.28 Debond Progression for Sample 25 . . . . . . . . . . . . . . . . . . . .

68

x

ABSTRACT
Levine, Stephen E. M.S.A.A, Purdue University, May 2016. Dynamic Transverse
Debondong of a Single S-2 Fiber. Major Professor: Dr. Weinong Chen.
Fiber reinforced composites are becoming increasingly common due to their high
strength to weight ratios as compared to more conventional materials. Along with this
increased used comes the need to have a higher level of understanding of the material
characteristics. Specifically, the interface between the fiber and matrix is of particular
interest. Loss of adhesion at this interface, known as debonding, can greatly decrease
material strength. There has been significant research into debdonding phenomena
at low strain rates. However, there is still a need for further insight at higher strain
rates. In addition, given the opacity of many epoxy resins, conventional imaging is
often unable to record debonding events or is restricted to only transparent matrices.
By integrating a Kolsky tension bar along with X-Ray Phase Contrast Imaging and
a high speed camera, high strain rate debonding events of an opaque fiber reinforced
composite are recorded and analyzed. Specifically, imaging of transverse debonding
initiation and progression along with debonding loads are obtained in this research.

1

1. Introduction
1.1

Single Fiber Debonding Experiments
The integrity of the fiber/matrix interface is of utmost importance in fiber re-

inforced composites and is rigorously tested in order to be better understood. The
interface is crucial because when a load is applied to a fiber reinforced composite,
it must be able to be carried from the fibers, into the matrix, and transferred back
into other fibers. If the load is unable to be carried all the way through, the overall
composite structure loses significant strength. One common failure mode that causes
a load to be unable to be transmitted properly is when there is debonding at the
fiber/matrix interface. In this failure mode, the matrix and fiber will separate, leaving a void. Consequently, it is impossible for the load to transfer from the fiber to the
matrix or vice versa. In order to better prevent this kind of event from occurring, it
is necessary to replicate potential failure modes through experimentation. This way
new design and manufacturing changes can be made to prevent failures. In order to
achieve this, a plethora of experiments were created on a single fiber in a matrix.
One of the first methods used to evaluate fiber/matrix debonding was the single
fiber pull-out test. In this test, a portion of a fiber was embedded into a matrix with
the rest of the fiber sticking out, as shown in Figure 1.1. The fiber was then pulled out
of the matrix in the direction parallel to the fiber length and the corresponding loads
were analyzed. The results of these experiments led to novel changes in composite
processing, such as the addition of surface treatment to fibers in order to increase
adhesion as well as interfacial frictional forces [1].
While this method had produced very helpful and valuable results, there were
still lingering issues surrounding its use. For example, at the free edge of the matrix,
there was a very complex, non-homogeneous stress that was difficult to analyze [2].

2

Figure 1.1. Sample Configuration for Pull-Out Test

Furthermore, the force required in order to debond the fiber from the matrix was
dependent on the length of the fiber embedded in the matrix. Compounding this issue,
it was often very difficult to accurately measure the embedded length [3]. Given that
the fiber was pulled straight out, the frictional forces present between the fiber and
matrix further obscured the true bonding strength [1]. A similar test, known as the
fiber push-out test was also developed to better characterize and analyze interfacial
friction and debonding forces. [4].
The fiber push-out test utilized a similar technique to the pull-out test. In this
test, a fiber was embedded in epoxy resin and was pushed out using an indentor. The
resin had a hole through its length so that the indentor could contact the fiber and the
fiber could travel through the epoxy, as shown in Figure 1.2 [5]. While this provided
deeper insight, additional tests were still desired in order to further understand the
interface characteristics.

Figure 1.2. Push Out test Configuration

3
The single fiber fragmentation test was developed in order to determine the interfacial shear strength of a fiber/matrix interface. [6]. In this test, a fiber was fully
embedded in a dog-bone shaped matrix to form a sample. One end of the sample
was held in place while the other end was pulled parallel to the fiber direction, as
shown in Figure 1.3. As the load increased, the fiber successively broke at di↵erent
locations along its length, which can be seen in Figure 1.4. The fiber eventually
reached a saturation limit where it did not fragment any further, even with an increased load being applied. Eventually a catastrophic failure occurred to the entire
specimen [7]. The location and load required for each break helped to further understand the shear properties of the interface [7]. While all of the previously listed
tests were very beneficial to determining the adhesion strength at the interface as
well as interfacial frictional forces, they only did so by utilizing loads applied parallel
to the fiber direction. It was also necessary to understand debonding characteristics
for loads applied perpendicular to the fiber direction [8]. This was where transverse
debonding testing became useful.

Figure 1.3. Single Fiber Fragmentation Sample

1.2

Transverse Debonding
Transverse debonding tests were important because it was often observed that the

initial debonding failure mode in fiber reinforced composites was in the transverse
direction [10]. Keeping with the trend used with the aforementioned tests, transverse

4

Figure 1.4. Imaging of Fragmentation Process. Reproduced from [9]
with permission from Elsevier.

debonding tests were often single fiber tests as opposed to multi-fiber tests. This was
due to the fact that it was much easier to analyze the failure of a single fiber. With
a group of fibers, debonding of one fiber would a↵ect the strength characteristics of
neighboring fibers. By using a single fiber sample, this was eliminated. [11]. Also, a
single fiber sample was much quicker and cost e↵ective to manufacture [11]. While
a single fiber sample was not as representative of a true fiber reinforced composite,
it did allow for much easier characterization and visualization of debonding events.
Given that a single fiber transverse experiment was desired, the next important step
was to determine specimen geometry and loading conditions.
The biggest factor that drove specimen geometry for transverse debonding experiments was the free edge e↵ect. This property was first analyzed by Pipes and
Pagano [12]. The free edge e↵ect is a stress singularity that exists at the point where
a fiber meets the free surface in a fiber reinforced composite [13]. In a transverse
debonding test with a single fiber, analytical and numerical analyses predicted that
the stress singularity was sufficient to create interfacial debonding at the free surface before any load is applied. Further evidence showed that premature debonding
occurred at the fiber/matrix interface at the free surface [13]. While this is truly
indicative of behavior at the edges of fiber reinforced composite structures, this is
not always a desired result as it is not representative of fiber/matrix debonding in
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the middle of a composite structure. In addition, in many tests, it was beneficial
to view the debonding process as it happened. When viewing debonding events using magnification, the entire sample was often not in frame. Given that free edge
debonding had an approximately equal opportunity of occurring on either end of the
sample, it was possible that the image capturing of the debonding event would be
missed entirely. Therefore, it was of interest to isolate the free edges from the applied
load [13]. Having the debonding initiate in the middle of the specimen provided a
predictable and repeatable test result.
Given this, di↵erent methods had been created in order to test transverse debonding while attempting to minimize the influence of the free edge e↵ect. One of the first
experiments developed that drastically reduced the free edge e↵ect was the single fiber
Broutman test. In the this experiment, a single fiber was laid in a sample with specimen geometry as shown in Figure 1.5. A compressive load was then applied at the
top and bottom of the sample, parallel to the fiber direction. By doing so, Poisson’s
e↵ect caused the matrix and fiber to expand. Since the Poisson’s ratio of the matrix
was greater than that of the fiber, a tensile stress was present at the fiber/matrix
interface. The middle of the sample had the smallest cross sectional area and thus
had the highest compressive stresses. The perpendicular tensile stresses were then
also highest in the middle. Debonding then initiated in the middle of the sample
as opposed to at the ends [15]. Although this result was preferred as it eliminated
debonding initiating at a free surface, it still had several drawbacks. Firstly, the stress

Figure 1.5. Single Fiber Broutman Test Sample Geometry. Reproduced from [16] with permission from John Wiley & Sons, Inc.
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in the transverse direction was not axisymmetric. This made the stress much more
difficult to analyze [17]. In addition, there were instances where the fiber would break
from the compressive stress before the tensile stress was able to debond the interface.
This result reflected the shear properties of the fiber/matrix interface more than it
did the transverse properties [15]. Therefore, the interface needed to be weak in order to have proper transverse debonding [18]. Given these limitations, new sample
geometries and tests were desired.
One of the latest configurations used for transverse debonding experiments was
the cruciform geometry. The cruciform geometry was developed by Gundel et al. [13].
Cruciform specimens were cross shaped with a fiber laid from one arm to another.
The di↵erence between a rectangular sample and a cruciform sample is highlighted in
Figure 1.6. The cruciform had the major advantage over rectangular samples in that
it did not have a large stress concentration at the free edges. This avoided the issue
of attempting to analyze the complex stresses present at the free surface. When a
transverse load was applied to these samples, the highest load concentration occurred
in the middle of the sample. This then caused the samples to debond in the middle,
which was more desirable [13]. Figure 1.7 o↵ers evidence that debonding initiated
away from the free edges as the fiber/matrix interface was left fully intact near the
free surfaces.

Figure 1.6. Comparison of Rectangular and Cruciform Samples. Reproduced from [19] with permission from Elsevier.

The cruciform geometry was further enhanced by modifying the corner radii in
order to decrease the stress concentrations in the interior corners. The fillet radius
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Figure 1.7. Cruciform Sample after Debonding. Reproduced from [20]
with permission from Sage Publications.

was varied by Tandon, Kim, and Bechel [20] until an optimum radius was found.
Before the radius was optimized, it was found that finite element analyses as well as
physical testing showed that the specimens would often fail at the fillet as opposed to
at the fiber/matrix interface as desired [20]. This can be seen in Figure 1.8. Further

Figure 1.8. Sample that Failed at the Fillet. Reproduced from [20]
with permission from Sage Publications.
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improvements were made to the cruciform design by performing several parametric
studies. The first parametric study was performed by Tandon, Bechel, and Kim [19].
This study was initially conceived because even with the enhanced fillet radius, there
were still many cases where it was seen that the sample failed at the fillet instead of
the fiber/matrix interface. This was supported by further finite element simulations.
It was believed that the large wing height, as shown in Figure 1.9, led to significant
load reduction at the interface. In the study, both the wing height and loading arm
width were varied to determine the optimal dimensions. The geometry was considered
optimal when, for a given loading condition, the ratio of radial stress at the fiber to
the far field stress was highest. An optimal geometry was then found where the wing
height was significantly less than the loading arm width [19]. Bechel and Tandon

Figure 1.9. Cruciform Specimen with Dimension Names. Reproduced
from [20] with permission from Sage Publications.

then performed further experiments with various di↵erent materials. They found
that the previous optimization study worked best for fibers which were very sti↵ in
the transverse direction. Furthermore, the fibers in the previous cruciform studies
were over 100 µm in diameter. They wanted to replicate these results with a small
diameter graphite fiber, which had a lower transverse sti↵ness. It was found that the
new samples with the new fiber did not have the tendency to debond and fail at the
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interface. Thus, further sample modifications had to be made. A parametric study
was again performed by modifying the fiber diameter, sample thickness, and fillet
radius. Even after performing this study, the samples still failed at the fillet because
the fiber deformed easily. This deformation required a larger load to be applied in
order to attempt to debond the fiber. However, this increased load eventually caused
failure at the fillet before there was a failure at the interface. The solution to this
issue was to add a face sheet to the sample after its initial processing in order to
increase the thickness in the fillet region, as can be seen in Figure 1.10. The face

Figure 1.10. Cruciform Sample with Face Sheet. Reproduced from
[20] with permission from Sage Publications.

sheets were made from a glass epoxy and provided additional reinforcement to the
fillets. The face sheets were rounded so that the largest stress concentration would be
as close to the middle as possible. Samples were then able to successfully debond at
the fiber/matrix interface. However, ultimate failure routinely occurred at the edge of
the face sheet [21]. While the aforementioned advancements were a large leap forward
in debonding testing, there was still room for improvement as nearly all debonding
experiments were visually recorded using a microscope and had been completed under
quasi-static loading conditions.
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1.3

Test Visualization Methods
The majority of experiments that have been discussed had visually captured

debonding using a microscope. Furthermore, several of these examples were only
able to visually analyze the sample under a microscope after the testing had been
completed due to test equipment setup. In addition, large diameter fibers were primarily used in these kinds of tests as they were easier to see [22]. A technique called
acoustic emissions was able to take away some of the optical hurdles [16]. Acoustic
emission detection worked by placing transducers on the sample to be tested. When
there was a debond at the interface, a stress wave was emitted that was picked up
by the transducers. The signal was then amplified and sent to a computer for analysis and storage [23]. One major advantage of the use of acoustic emissions is that
the sample did not have to be transparent in order to visualize the debonding [1].
However, a major problem with acoustic emission testing was that if an interface was
weak, no acoustic signal was produced and thus it was not possible to analyze the
debonding [8]. Another method utilized was the reflected light technique pioneered
by Bechel and Tandon [21]. This technique shined a bright light at the surface of a
sample that was undergoing transverse debonding testing. When debonding began
to occur, the intensity of light varied at the location of the debonding. Using this
method, it was possible to visualize the debond initiation location and growth. [21].
This is shown in Figure 1.11. However, this test method still required a relatively
transparent sample. Another novel method that was used to visualize a debond was

Figure 1.11. Debond Detection Using Refected Light Technique. Reproduced from [21] with permission from Springer Science and Business Media.
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3D X-ray microtomography [14]. Using synchrotron x-rays, 3D images of debonding
evolution were able to be created as shown in 1.12. A synchrotron works by accelerat-

Figure 1.12. 3D Image of Debonding Using X-Ray Microtomogrpahy.
Reproduced from [14] with permission from Elsevier.

ing electrons to near the speed of light. The electrons are then inserted into a circular
storage ring. Devices called undulators or wigglers, located at various positions along
the storage ring excite the electrons. When the electrons are excited, they give o↵
energy in the form of photons in the x-ray spectrum. The photons then leave the
storage ring tangentially. Experiment hutches are then set up along these tangential
paths in order to allow the x-rays to pass through a sample. Once the x-ray has
passed through a sample, it goes through a scintillator which converts it to visible
light. The light is then directed towards a camera. Even though in this experiment
the samples were not cruciform shaped and debonding did initiate at the free surface,
this testing method still provided an enhanced way to visualize debonding. By using
x-rays, the sample did not need to be transparent and thus many more kinds of epoxy
resins could be used. While all of these types of testing were beneficial for quasi-static
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testing, it was still desired to have a higher level of understanding of the fiber/matrix
interface under dynamic loading conditions.

1.4

Kolsky Bar
Before discussing dynamic testing methods, it is necessary to understand the moti-

vation for performing high strain rate tests. Most material properties that are readily
available were determined through quasi-static testing [24]. In order to properly
design and manufacture materials that will be used in dynamic environments, one
must understand the behavior of those materials under dynamic loading conditions.
Given that materials behave very di↵erently under quasi-static and dynamic loading
conditions, the necessity of performing dynamic testing was made very obvious.
One of the most widely used devices for testing materials under dynamic loading
conditions is the split Hopkinson pressure bar, also known as a Kolsky bar [24]. A
Kolsky bar consists of a loading device, an incident bar, a specimen, and a transmission bar. The layout of a Kolsky compression bar can be seen in Figure 1.13. A

Figure 1.13. Layout of a Kolsky Compression Bar

buildup of pressure in an air storage tank is suddenly released, which causes a striker
to impact an incident bar. A compressive stress wave travels down both the incident
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bar and striker in opposite directions, emanating from the impact location. The stress
wave in the bar travels at the speed of sound within the bar, which is calculated as
r
⇢
c=
(1.1)
E
where ⇢ and E are the density and modulus of elasticity of the bar respectively.
Strain gages mounted on the incident bar measure the strain induced on the bar by
the passing wave. The signals from the strain gages are sent to an oscilloscope to
be recorded. From the outputted strain (✏), the velocity of individual particles (v)
within the bar can be determined.
v=

⇢c
E✏

(1.2)

In a Kolsky compression bar, a sample is held between the two bars. When the
compressive stress wave reaches the interface between the transmission bar and the
sample, part of the wave is reflected as a tension wave and part of the wave is transmitted through to the specimen. At the interface, the velocity of the particles in
the incident bar is equal to the velocity of the particles in the specimen. The strain
induced by the reflected wave can also be determined using the strain gages on the
incident bar. When the wave that traveled through the sample reaches the interface
of the transmission bar, part of it is reflected and part of it is transmitted. Using
strain gages on the transmission bar, the characteristics of the transmitted wave can
also be determined. Using the outputted data from the incident and transmission
bar, the strain, strain rate, displacement, and velocity of the sample over time can
also be determined.
A Kolsky tension bar is similar in principal to a compression bar. However, the
striker rides on the bar itself and travels in the opposite direction as in the case of a
compression bar, as can be seen in Figure 1.14. The striker impacts a flange which
sends a tensile stress wave down the incident bar. A tensile stress wave is unable
to travel through an interface of two objects that are only in contact. In order to
compensate for this, the incident and transmission bars often have female threads
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Figure 1.14. Striker on a Tension Bar. Reproduced from [25] with
permission from the American Institute of Physics.

tapped in them. The sample would then have male threads that when threaded into
the female threads can allow for the tensile wave to pass through.

1.5

Dynamic Debonding Experiments
One of the first single fiber debonding experiments that was carried out under

dynamic loading conditions was fiber push-out testing using a Kolsky compression
bar by Li et al. [26]. The test setup for the fiber pushout experiment on the Kolsky bar
is shown in Figure 1.15. In this test, a tapered punch was connected to the incident

Figure 1.15. Single Fiber Pushout Using a Kolsky bar. Reproduced
from [26] with permission from Springer Science and Business Media.

bar at the end closest to the sample. As was done in prior fiber pushout testing,
a single fiber was embedded in a matrix. This matrix was connected to a support,
which was attached to the transmission bar. When the compression wave traveled
down the punch, it forced the fiber to debond and move forward until it completely
separated from the matrix and fell into the larger cavity of the support [26]. This
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presented a large step forward in single fiber debonding testing as it allowed for this
phenomenon to occur under dynamic loading conditions. While there was valuable
data that was able to be analyzed, there was still a gap as images were not recorded.
A technique combining the ability to dynamically debond a sample using a Kolsky
bar along with the use of imaging was later developed by Hudspeth et al. [25]. This
testing incorporated the use of synchrotron X-Rays, which was the same technology
used for the microtomography experiments, with the dynamic testing abilities of
a Kolsky bar. Given that a Kolsky bar test lasts on the order of 100 µs, it was
necessary to provide high speed imaging that could clearly capture the events that
transpired [25]. For this experiment, the x-rays were of very high intensity and thus
the scintillator could only be exposed to them for very short periods of time. In order
to do that, shutters were employed to block the x-rays and then let them through only
at a strategically determined time [25]. An example of the layout of the storage ring,
Kolsky bar, and high speed imaging setup is shown in Figure 1.16. It was of critical
importance that all timing be very precise in order to make sure the experiment was
captured without damaging any of the equipment [25]. The specific experiment that
was completed using synchrotron x-rays with the Kolsky bar was single fiber pull-out
testing. In this case a tension bar was used. Due to space restrictions, a load cell
was used in place of a transmission bar. This version of the Kolsky bar gave similar
results to a full Kolsky bar since the vast majority of the wave would not have traveled
through the sample to the transmission bar [25]. A device connected to the load cell
held a droplet of matrix in place. A single fiber was partially embedded in the matrix
and was connected to the incident bar. When the test occurred, the fiber moved along
with the movement of the incident bar and away from the load cell [25]. This result
is shown in Figure 1.17. This represented the first time that dynamic debonding was
able to be successfully captured visually. Even though considerable progress has been
made in single fiber debonding experiments, there was still plenty of room for further
knowledge on the topic through experiments.
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Figure 1.16. Kolsky Bar Testing Using Synchrotron X-Rays. Reproduced from [25] with permission from the American Institute of
Physics.

Figure 1.17. Fiber Pull-out Under Dyanmic Loading. Reproduced
from [25] with permission from the American Institute of Physics.

1.6

Summary and Research Goals
Significant advancements have been made in the pursuit of a higher level of un-

derstanding of fiber/matrix debonding in fiber reinforced composites. Novel achievements have been presented that have shown how to better test and analyze single fiber
debonding. Examples have shown how transverse debonding testing can be achieved
while reducing the influence of the free edge e↵ect. Furthermore, improvements in
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visually capturing experiments were discussed. By using methods such as acoustic
emissions and synchrotron x-rays, the limitation that a sample must be transparent was eliminated. In addition, improvements have been made so that single fiber
debonding experiments could take place under dynamic loading conditions by using
a Kolsky bar. Finally, by combining the use of synchrotron x-rays with a Kolsky bar
and a high speed camera, imaging was able to be produced of a dynamic debonding
experiment.
Given the background of single fiber debonding experiments, the goal of this
research project was to perform single fiber transverse debonding under dynamic
loading conditions while simultaneously obtaining images of the debonding. This
project is part of the ARL Materials in Extreme Dynamic Environments (MEDE)
program which was created to better understand material behaviors in high strainrate environments. The data from this research project will be used to make and verify
analytical models so that a higher level of understanding of dynamic debonding can
be obtained.
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2. Experimental Setup
2.1

Sample Preparation
For this project, samples were created by pouring epoxy resin into silicone molds.

In order to make the properly dimensioned silicone molds, a 6” x 12” x .5” aluminum
block was machined to the specifications of a drawing. OOMOO R 30 pourable silicone
rubber provided by Smooth-On was then mixed and poured into the cavity of the
aluminum bar. The silicone cured for six hours and was then removed. The aluminum
block was machined so that when the cured silicone was removed from the cavity, it
possessed the geometry necessary to make samples. In order to maximize the number

Figure 2.1. Machined Aluminum Block for Creating Silicone Mold

of samples that could be made at a time, the aluminum block was machined so that
the silicone mold contained a cavity for 10 samples that would be connected together
when the epoxy resin cured and could then be later separated. After being removed
from the aluminum mold, the ends of the silicone mold were scraped using a pair of
tweezers in order to make the surface rougher. Super glue would later be applied to
the silicone in order to keep the fiber in place. However, given that silicone has very
low surface energy, super glue would normally not adhere well to the mold. Therefore,
scraping the ends allowed for the super glue to stick to the silicone. The mold was
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Figure 2.2. Cured Silicone Mold

then washed to remove any residue and subsequently dried. Given that the silicone
mold was thin, it was very susceptible to bending. Bending proved to have adverse
e↵ects on the sample making process, such as possible breakage of cured samples as
well as undesired distribution of epoxy resin. In order to compensate for this, the
silicone mold was placed on top of an aluminum block, which allowed it to have the
necessary rigidity to be handled without bending. A length of a single S-2 glass fiber
was then separated from a spool. The fiber was then taped on either end to two
additional silicone pieces that were on top of their own aluminum blocks. By doing
this, the fiber position could easily be adjusted as needed and could be kept taut
by pulling one block away from the other. Furthermore, doing this kept the fiber
at the same height from end to end and decreased the chances of it breaking during
setup. The fiber, which was still taped on both ends, was then placed on top of
the mold. The aluminum blocks were then adjusted so that the fiber laid along the
middle of center channel of the mold. Super glue was applied to the fiber on either
end of the mold and a drop of accelerant was placed on the super glue in order to
have it harden quicker. The fiber was then snipped just outside the mold on either
end. The next step was to mix and pour the epoxy resin. SC-15 epoxy resin provided
by Applied Poleramic was used for the experiments. The epoxy resin was mixed in
approximately a 100:30 (3.33) ratio of resin to hardener. Given that an exact mix
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Figure 2.3. Silicone Rubber Used to Hold End of Glass Fiber

ratio was very difficult to achieve, a ratio of 3.32 to 3.36 was deemed acceptable. The
two components were then thoroughly mixed in a beaker using a tongue depressor for
one to three minutes. After mixing, the beaker was placed in a degassing chamber for
25 minutes at 28.5 inHg of vacuum. This allowed for the removal of the majority of
the air bubbles within the mixture. After this, a small quantity of the epoxy resin was
poured on top of the mold so that all of the features were covered. Since the epoxy
was transferred from the beaker to the silicone mold, it was expected that some new
air bubbles would be introduced. For this reason, the mold was then placed in the
degassing chamber at 28.5 inHg of vacuum for an additional 15 minutes. The depth
of the features within the silicone were very shallow and the the silicone had a high
surface energy, so the uncured epoxy resin was highly cohesive and did not conform
to the shape of the mold. In order to compensate for this, a second piece of silicone
that was previously used as a mold was placed on the top of the mold with the flat
side facing down. The idea was that the flat surface would remove all epoxy resin on
the uppermost surface of the mold and only the epoxy that was in the cavity would
remain. A 175g aluminum block which had the same dimensions as the unmachined
aluminum blocks was placed on top of the flat silicone piece in order to ensure that
the flat silicone piece pressed down sufficiently to remove excess epoxy resin and
that there were no gaps between the two pieces of silicone. It was determined that
any additional mass above 175g would excessively deform the mold and would not
give the samples their desired shape. This configuration of silicone, aluminum bars,
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and epoxy was left 12-16 hours at room temperature so that the epoxy resin could
cure. At the end of this time period, the top aluminum block and silicone cover were
removed. The samples were then removed from the mold by pressing on the silicone
with tweezers in the area just around the cavity. Pressing on the mold allowed for the
tweezers to get underneath the cured epoxy resin. The samples were then carefully
pried out of the mold using one half of the tweezers. While there was some excess
epoxy on the mold, it did not connect to the samples and the intended geometry
was able to be maintained. The samples were then separated from each other using
a scalpel. At this point, the samples were still malleable and could not be used for
experiments. Consequently, the samples were placed on a flat piece of silicone for
another 16-24 hours to allow for additional curing. The additional cure time gave the
samples sufficient sti↵ness to be properly tested on the Kolsky bar.

Figure 2.4. Configuration for Curing Epoxy Resin

2.2

Kolsky Bar Integration
In order to create dynamic loading conditions, a Kolsky bar was utilized to perform

all experiments. The mechanics of the Kolsky bar has been described in Chapter 1.
Grips were designed in order to clamp the samples on either end. Each grip was
made from a single piece of steel bar stock that was cut in half along the circular
cross section. The bottom half of each grip had a groove machined into it. A small
piece of a metal file was placed in the groove of the lower half and one was placed
on the inner surface of the upper half and both were secured in place with JB Weld.
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The files had a very rough surface in order to better be able to grip the samples.
Both halves of each grip had four holes in it with one half having threads tapped
in the holes, so that the two halves could be brought together by tightening screws
going through both of them. By placing a sample between the two halves and then

Figure 2.5. Opened Grip Used for Tension Testing

tightening the grips, each sample was able to be secured in place. Each set of grips
had a female thread tapped in the back. A set screw was then used to connect one
grip to the incident bar and the other grip was secured to a load cell. The load cell
had female threads in both the front and back so that it could then be connected to
a sample rotator via a set screw.

2.3

X-Ray Imaging
Cured SC-15 epoxy resin is white and very opaque. Given that the fiber was em-

bedded in the sample, a regular camera would have been unable to view the debonding
initiation. For this reason, high brilliance phase contrast x-ray imaging was utilized
in order to properly record images of the debonding initiation and progression. X-ray
phase contrast imaging was necessary as it allowed to see through the opaque epoxy
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Figure 2.6. Test Setup on Beamline 32-ID-B

resin and also was able to clearly di↵erentiate the fiber from the matrix. Beamline
32-ID-B at the Advanced Photon Source at Argonne National Lab was used in order
to provide the x-rays needed for imaging. The experiment hutch had size limitations,
so a full Kolsky bar setup with incident and transmission bars could not be fit inside. Therefore, the transmission bar was removed and replaced with a 50-lb load cell
provided by Kitchler. This setup still produced valid results because the impedance
ratio between the sample and load cell was so low that nearly none of the tension
wave would have transmitted through to a transmission bar. The x-ray beam was
approximately 1mm2 in size. Therefore, it was important to ensure that the sample
was in the correct location when the experiment occurred. The sample was located
by triggering the camera and momentarily opening the shutters to allow the sample to be exposed to an x-ray for a short duration of time. The images were then
evaluated in a control room adjacent to the hutch. The Kolsky bar was on a table
that was able to move in the vertical direction as well as the direction parallel to the
length of the bar using a series of actuators. The actuators could be adjusted from
the control room and further images could be taken until the sample was properly
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aligned with the beam. Once the bar and sample were setup in the proper location,
the next important step was to ensure all timing was correct.

2.4

Timing Delay Setup
At Beamline 32-ID-B of the Advanced Photon Source, after X-rays pass through

a sample, they go through a scintillator, which converts them to visible light. The
biggest limitations that drove the timing requirements were the amount of time the
scintillator could be safely exposed to the high intensity x-rays and the number of
images that the camera could store. If the scinitillator was exposed to high intensity
x-rays for too long, it would overheat and shatter. Thus, no images would be garnered
from the experiments. Furthermore, the Shimadzu HPV-X2 high speed camera that
was used could only store 256 images per experiment. If a frame rate of 5 MHz
was used, that meant that the camera could capture and play back 51.2 µs of an
event. Given these limitations, the timing from when the button was pressed to
fire the striker until the time that the sample failed was computed to a high level of
precision. In order to have consistent loading conditions, it was important to have the
bar and striker in the same position for every experiment. The incident bar was gently
pulled towards the load cell until it was stopped by one of the bar supports. The
load cell was on a stage which allowed it to translate in three orthogonal directions.
Therefore, the load cell location could be properly adjusted to be in line with the bar.
Also, the striker was moved away from the bar flange until the end farthest from the
sample was flush with the first bar support. After it was ensured that the experiment
setup would be the same for every run, it was necessary to coordinate several events
that transpired using signal delays in order to have a properly run experiment.
Three sets of shutters were employed at beamline 32-ID-B. The first shutter was
primarily used so that people could enter the hutch without being exposed to dangerous levels of radiation. This shutter took several seconds to open and close and
thus was not useful for testing. Once all work had been completed inside the hutch,
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the hutch doors were closed and the main shutter was opened for the duration of
the experiment. The second set of shutters were slow shutters which took on the
order of milliseconds to open and close. These were initially kept closed to protect
the sample and scintillator from the beam. A third set of fast shutters were left open
during the beginning of the experiment and closed on the order of microseconds in
order to signify the end of the experiment and provide protection for the scintillator and sample. Before any testing took place, the amount of time from the button
being pressed to the strain gage outputting a signal was determined. Due to jitter,
this value varied slightly. Therefore, 10 tests were completed in order to capture the
average time as well as ensure the spread was not overly large. Before an individual
experiment began, a rigid tank was filled with air until it reached a pressure of 25psi.
When the button was pressed to fire the striker, a signal was sent to a solenoid valve
to release the air in the tank, which then caused the striker to impact the incident
bar. A stress wave then traveled down the aluminum bar at a velocity of 5100 m/s.
A signal was then sent when the stress wave reached the strain gages. Given the
length of the bar and the duration of the experiment, if the shutters had been opened
and the camera were triggered at this time, the debonding event would have been
missed entirely. Therefore, there was a delay of 200 µs from the time the stress wave
passed the strain gage until the time that the camera began storing images, as it was
determined that it took 252 µs from the time the strain gage outputted a signal to
the time that the sample failed. Also, there was a 82 ms delay between the time
the button was pressed to fire the striker to the time that the slow shutter opened.
There was also a delay of 1.5ms from the time the strain gage outputted a signal to
the time that the fast shutters closed to signify the end of the experiment. Later on,
the camera was triggered to begin saving images once the load cell detected a signal.
Given that by that point, the loading of the sample would have already started, the
camera was set so that it maintained 100 images before being triggered and then 156
images after being triggered.

27
2.5

Data Reduction
In order to properly capture data in the tension experiments, the Kolsky bar was

set up as shown in Figure 2.7. The first step was to balance the wheatstone bridge

Figure 2.7. Experimental Schematic Detailing Wiring to Oscilliscope

that the strain gauges were connected to in order to ensure an accurate output. The
50 lb Kitsler load cell had a sensitivity of 91.76 lb/V. This value was entered into
the amplifier used to output the signal to the oscilloscope. By setting the output
for the load cell, the data that was received by the amplifier was then able to be
converted to an output voltage. This output voltage was then easily converted into
a force based on the amplifier setting. In addition, thread tape was added to the set
screw connecting the grip to the incident bar in order to keep the reflected signal as
smooth as possible. The output of the strain gauge and load cell were able to be used
to calculate the strain(✏) and displacement of the sample. The strain was:
✏=

2s
GF ⇤ EV

(2.1)

where s was the value outputted from the strain gage, GF was the strain gage factor,
and EV was the excitation voltage of the strain gage. For the semi-conductor strain
gages used for these experiments, GF was 169 and EV was 28 V. In order to calculate
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the displacement, the incident particle velocity (vI ) and the reflected particle velocity
(vR ) had to be calculated, by utilizing the wave velocity of the bar (c). In this case,
the transmitted particle velocity (vT ) is assumed to be zero due to the high impedance
mismatch between the sample and the load cell.
vI = c✏I

(2.2)

vR = c✏R

(2.3)

The sample velocity was found by lining up the incident and reflected waves and
adding the reflected velocity from the incident velocity. This vector of data was then
numerically integrated to give the sample displacement.

29

3. Sample Design
3.1

First Iteration
Samples for testing were manufactured by Purdue University and the University

of Delaware. There were multiple iterations of the sample design in order to maximize
the likelihood of samples debonding from the center. Due to time constraints, the
first iteration of samples were rectangular with the fiber approximately located in the
middle of the samples. The samples were 10 mm wide by 2 mm high. Samples ranged
in thickness from approximately 100 µm to 300 µm. One of these samples can be seen
in Figure 3.1. In the image, the thick, black line is from a sharpie to help identify
the location of the fiber. The fiber can be seen directly adjacent to this line, running
parallel to it. While several of the thinner samples successfully debonded, the camera

Figure 3.1. Rectangular Sample as Viewed Under a Microscope

frame rate was not high enough to capture the debonding progression. Furthermore,
due the fact that the samples were rectangular, the free-edge e↵ect caused debonding
to most likely initiate at the free surface at a lower load than would be required if
debonding initiated elsewhere. While the results from testing samples from this first
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iteration were most likely dominated by the free edge e↵ect, they still provided useful
information for subsequent design changes to the geometry.

3.2

Second Iteration
Given the success of the thin samples during the first round of experiments at

Argonne National Laboratory, this knowledge was used for the design of the second
set of samples. There were two slightly di↵erent designs that were used for the second
iteration of samples. Both designs utilized the cruciform geometry that was initially
developed by Gundel et. al. [13]. The Purdue University sample geometry was based
on an updated cruciform geometry created by Tandon, Bechel, and Kim [19]. This
design was the same as this updated cruciform design, except it was scaled down so
that samples would fit within the grips. These samples had a height of 8.26 mm and
a width of 10.16 mm. The arms had a width of 1.91 mm and the vertical extensions
were 3.18 mm wide. In addition, the four interior corners had radii of 1.59 mm in
order to decrease stress concentrations at those locations. The samples produced by
the University of Delaware were 5 mm high and 5 mm wide. The arms and vertical
extensions of the samples were all 1.5 mm in width. These samples all had sharp
interior corners.

Samples produced by Purdue University were designed to have

Figure 3.2. Cruciform Sample Produced by University of Delaware

a thickness of 76 µm, but due to manufacturing difficulites, very few samples that
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Figure 3.3. Cruciform Sample Produced by Purdue University

could be used for testing were ever produced. Samples produced by the University of
Delaware had an average thickness of 140 µm.
Neither set of samples properly debonded. The samples all failed at the interior
corners. Therefore, further modifications needed to be made to the sample design in
order to ensure that they would fail via debonding.

3.3

Third Iteration
There were multiple intermediate designs that were created in between the second

and third iterations. The modifications to the design were based on the success of
thinner samples during the first round of experiments as well as modifications to
the cruciform design by Tandon and Kim [20]. All samples were created by Purdue
University. While experiments performed by Tandon and Kim all took place in the
quasi-static regime [20], the insight gained from their design modifications was still
useful for samples tested under dynamic loading conditions. As previously mentioned,
it was found by Tandon and Kim that fibers with a low transverse modulus were more
likely to deform and thus did not debond as readily. In these cases, the samples often
failed at the interior corners. In order to increase the strength of the corners, a
face sheet was added in order to increase the cross sectional area [20]. A similar
approach was taken with the samples for this research project, except that instead
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of adding a separate component for the face sheet, the sample was reinforced with
additional epoxy from the edge of the loading arm to the interior corners. This was
done by making the mold deeper in this area and thus there was more epoxy in this
location. This way, an additional material did not have to be added to the samples.
This can be seen in Figure 3.4. The additional epoxy resin was intentionally semicircular at the end so that the load would concentrate towards the center and the
debonding would ideally start from a very consistent central location. The sample in
this figure had already been tested prior to the image being taken, but the thicker
portion of the sample is clearly visible on the left-hand side. While this sample

Figure 3.4. Cruciform Sample with Reinforced Loading Arm

design did lead to some successful experiments, there was a drastic change in sample
thickness at the edge of the semi-circular feature. The tendency for samples to fail
at the corner dropped drastically, but many samples failed at the transition between
the thicker and thinner cross sections as this sharp transition created a large stress
concentration. Given that the sample geometry with the reinforced loading arm was
unable to consistently debond, a modification was made to the sample geometry to
remove the stress concentration, while giving the benefits of having the extra thickness
in the loading arms. Therefore the samples were given a tapered reinforced loading
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Figure 3.5. Cruciform Sample that Failed in Transition Region

arm, which can be seen in Figure 3.6. This way they had additional thickness to
prevent failing in the corner, while not having the drastic change in thickness that
led to samples failing at the edge of the reinforced portion. The semi-circular feature
of the design was removed as it was not feasible to machine a mold that would have
a semi-circular, tapered feature. In order to provide an extra level of confidence

Figure 3.6. Computer Model Showing the Geometry of a Sample with
Tapered Loading Arms

before having the mold machined, a Finite Element Model of a sample was analyzed
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using Abaqus. While the model did not necessarily show the location of debonding
initiation and progression, it was able to verify an increase in the ratio of the stress at
the fiber/matrix interface to the stress at the fillets. Based on the results on the finite

Figure 3.7. Abaqus Analysis of a Tapered Sample

element model, a mold was machined so that samples had tapered loading arms as
well as a thickness of 102 µm at the interface. True sample preparation and Kolsky
bar testing had some variation and thus the majority of the samples still did not
debond properly. By further decreasing the sample thickness in the interface region
to 76 µm, the ratio of the fiber diameter to sample thickness increased. With this
ratio being increased, the probability of failure occurring at the fiber/matrix interface
also increased. It was observed that a large enough proportion of samples debonded,
so it was considered acceptable to keep the sample geometry and make subsequent
samples using the same molds. This point signified the final specimen geometry that
was used forexperiments and can be seen in Figure 3.8.
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Figure 3.8. Final Cruciform Geometry
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4. Experimental Results
The transverse dynamic debonding experiments were able to produce viable data
that can be used to better understand debonding phenomena. The outputs from the
strain gage and the load cell were utilized in order to create a force-displacement
curve for the debonding events. Furthermore, the high speed imagery confirmed that
the primary failure mode was debonding as well as that debonding did initiate away
from the free surfaces of the samples. In addition, the images from the high speed
camera were synchronized with the force and displacement data to provide further
insight into the debonding process.

4.1

Force-Displacement Response
Using the data reduction methods discussed in section 3, force displacement curves

were generated using Matlab. Data for one sample is shown below. Further data is
provided in the appendix. The bar strain and force were first plotted as shown in
Figures 4.1 and 4.2. A smoothing function was used for the force output in order to
reduce the noise present in the data.

The beginning and end of the incident and

reflected waves were then determined by manually choosing points on the bar strain
plot. The incident and reflected waves were overlapped in order to determine the
sample front-end velocity and displacement. Given that the outputs from the strain
gage and load cell used the same universal time frame, the data was then aligned to
create the force-displacement curve, as shown in Figure 4.3.
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Figure 4.1. Strain Output from Sample 19

Figure 4.2. Force Output from Sample 19
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Figure 4.3. Force-Displacement Response of Sample 19

4.2

High Speed Imaging Synchronization
Given that the data reduction was able to be completed, it was of benefit to align

the data with the images taken by the high speed camera. In particular, the interface
load during each image was also able to be determined. Since the amount of time
that it took the wave to travel from the interface to the load cell was not insignificant,
it was necessary to include this time delay when determining the interface load. The
time delay was determined by taking taking half of the sample length and dividing it
by the wave velocity of the epoxy resin. This used the assumption that the fiber was
approximately located in the center of the sample.l Images of the debonding event as
well as the interface load for each image for sample 19 is shown in Figure 4.4. The
debonding continues after the sixth image, but the camera is only able to record a
small area and thus the debonding progresses o↵ screen.
These images are able to definitively show that by using a cruciform design, transverse debonding under dynamic loads initiates away from the free surface. Based on
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(a) F=7.15 N

(b) F=7.24 N

(c) F=7.28 N

(d) F=7.34 N

(e) F=7.41 N

(f) F=7.44 N

Figure 4.4. Debond Progression for Sample 19

the known dimensions and time spacing of the images, it was determined that the
crack speed was initially approximately equal to the longitudinal wave velocity of the
epoxy resin and then decreased over time.
It was seen from previous experiments that thinner samples had a better chance
of debonding than thicker samples. Therefore, it was of interest to determine the
maximum debonding load, fiber diameter, and sample thickness for each sample to
find a correlation between these parameters. This information is tabulated in Table

41
4.1. This data was able to provide a general trend, with one outlier, as can be seen
Table 4.1. Key Sample Geometry and Debonding Load
Sample

Thickness (µm)

Fiber Diameter (µm)

Debonding Load (N)

1

76.20

Not Available

10.73

4

62.23

11.25

4.972

6

68.58

Not Available

12.13

10

78.74

11.06

9.046

12

58.42

10.11

3.318

16

123.19

10.24

8.277

19

74.93

10.16

8.717

21

74.95

10.15

7.553

25

66.04

12.55

4.277

in Figure 4.5. The general trend was that as the sample thickness increased, the

Figure 4.5. Plot of Debonding Load vs. Sample Thickness
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debonding force also increased. The outlier was sample 16, which was measured to
have a thickness of nearly double the other samples. This is likely a measurement
error as the maximum sample thickness was controlled during the manufacturing
process. The fiber was unable to be recovered from samples 1 and 6 after testing was
completed, so there was no fiber diameter data available for them. However, from
the fibers that were recovered, the fiber diameter did not have a large spread between
samples. The assumption was made that the fiber diameters for samples 1 and 6
were similar to the other samples. Therefore, comparing the sample thicknesses and
debonding loads still provided useful insight.
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5. Summary
Overall, through the iterative manufacturing and testing processes, single fiber transverse dynamic debonding was able to be achieved. Furthermore, by utilizing high
speed x-ray imagery at Beamline 32-ID-B at Argonne National Lab’s Advanced Photon Source, it was proven that samples with cruciform shaped geometry can debond
away from the free edge under dynamic loading conditions. On top of this, the testing
was able to provide insight into debonding loads and progression. Combining the testing with x-ray imaging allowed the ability to visualize the debonding initiation and
progression, even though the fiber was embedded in an opaque sample. A Kolsky bar
was able to provide consistent testing conditions that made data comparison feasible.
The data highlighted a trend that thinner samples were able to debond under a lower
load than thicker samples. This experiments will be able to lay the groundwork for
further experiments and analytical models that will be able to increase understanding
of fiber debonding under dynamic loading conditions.
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6. Future Work
The experiments that have been completed have been able to provide significant
insight into single fiber dynamic transverse debonding. However, there is still substantial room for future work. The aforementioned experiments only included one
sample geometry, one fiber material, one epoxy material, and one set of loading
conditions. Furthermore, this only represented one form of dynamic debonding experiments. Firstly, it would be of interest to test similar samples under di↵erent
loading conditions to determine how strain rate would a↵ect the debonding load and
crack speed. In the experiments that have been completed, the fiber location was
only bounded by the sides and bottom of the central cavity in the mold. By adding
more precision to the sample production process, the fiber location can be better controlled to determine how it may a↵ect the debonding load. Additionally, providing
more precision to the sample thickness may also be of benefit to verify its e↵ects on
the debonding load.
All samples that were tested did not go through any kind of heat treat operation. The general consensus based on prior quasi-static experiments is that thermally
curing the epoxy resin caused it to contract around the fiber, creating a residual
compressive stress and making it more difficult to debond. Currently, there has been
little success in debonding thermally cured samples. Therefore, it may be useful to
attempt to thermally cure samples at di↵erent temperatures to determine if debonding is achievable under dynamic loading conditions. Given that many applications of
epoxy resins are cured via elevated temperatures, this is an avenue that is certainly
worth exploring. If necessary, changes may need to be made to the sample geometry.
Based on the use of di↵erent fibrous materials under dynamic loading conditions, it
may be of benefit to perform additional experiments using di↵erent fiber materials
and diameters along with di↵erent epoxy resins. In addition, it would be worth-
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while to conduct this same form of iterative experimentation for other debonding
phenomena, such as single fiber push-out. A full spectrum of knowledge in regards to
how geometry, material selection, and curing temperature a↵ects dynamic debonding
will be able to paint a much more complete picture of characteristics of single fiber
dynamic debonding.
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A. Additional Data
The data and high speed images of all other successfully tested samples are presented
below. Images were only provided for samples 12, 16, 19, 21, and 25 as they were the
samples where debond initiaion was captured.

A.1

Sample 1

Figure A.1. Strain Output from Sample 1
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Figure A.2. Force Output from Sample 1

Figure A.3. Strain-Displacement Response of Sample 1
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A.2

Sample 4

Figure A.4. Strain Output from Sample 4
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Figure A.5. Force Output from Sample 4

Figure A.6. Strain-Displacement Response of Sample 4
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A.3

Sample 6

Figure A.7. Strain Output from Sample 6
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Figure A.8. Force Output from Sample 6

Figure A.9. Strain-Displacement Response of Sample 6
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A.4

Sample 10

Figure A.10. Strain Output from Sample 10
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Figure A.11. Force Output from Sample 10

Figure A.12. Strain-Displacement Response of Sample 10
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A.5

Sample 12

Figure A.13. Strain Output from Sample 12
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Figure A.14. Force Output from Sample 12

Figure A.15. Strain-Displacement Response of Sample 12
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(a) F=2.37 N

(b) F=2.41 N

(c) F=2.45 N

(d) F=2.49 N

(e) F=2.52 N

(f) F=2.56 N

Figure A.16. Debond Progression for Sample 12

60
A.6

Sample 16

Figure A.17. Strain Output from Sample 16
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Figure A.18. Force Output from Sample 16

Figure A.19. Strain-Displacement Response of Sample 16
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(a) F=6.78 N

(b) F=6.84 N

(c) F=6.90 N

(d) F=6.96 N

(e) F=7.02 N

(f) F=7.08 N

Figure A.20. Debond Progression for Sample 16
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A.7

Sample 21

Sample 21 showed a unique phenomenon in that the fiber debonding initiatied
in two locations at the same time. These debonds soon met and became one longer
debond.

Figure A.21. Strain Output from Sample 21
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Figure A.22. Force Output from Sample 21

Figure A.23. Strain-Displacement Response of Sample 21
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(a) F=6.11 N

(c) F=6.22 N

(b) F=6.17 N

(d) F=6.28 N

Figure A.24. Debond Progression for Sample 21

A.8

Sample 25
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Figure A.25. Strain Output from Sample 25

Figure A.26. Force Output from Sample 25
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Figure A.27. Strain-Displacement Response of Sample 25
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(a) F=3.02 N

(b) F=3.07 N

(c) F=3.12 N

(d) F=3.17 N

(e) F=3.22 N

(f) F=3.27 N

Figure A.28. Debond Progression for Sample 25

